Abstract. We present a study of regional earthquakes in the western Mediterranean geared toward the development of methodologies and path calibrations for source characterization using regional broadband stations. The results of this study are useful for the monitoring and discrimination of seismic events under a comprehensive test ban treaty, as well as the routine analysis of seismicity and seismic hazard using a sparse array of stations. The area consists of several contrasting geological provinces with distinct seismic properties, which complicates the modeling of seismic wave propagation. We started by analyzing surface wave group velocities throughout the region and developed a preliminary model for each of the major geological provinces. We found variations of crustal thickness ranging from 45 km under the Atlas and Betic mountains and 37 km under the Saharan shield, to 20 km for the oceanic crust of the western Mediterranean Sea, which is consistent with earlier works. Throughout most of the region, the upper mantle velocities are low which is typical for tectonically active regions. The most complex areas in terms of wave propagation are the Betic Cordillera in southern Spain and its north African counterparts, the Rif and Tell Atlas mountains, as well as the Alboran Sea, between Spain and Morocco. The complexity of the wave propagation in these regions is probably due to the sharp velocity contrasts between the oceanic and continental regions as well as the the existence of deep sedimentary basins that have a very strong influence on the surface wave dispersion. We used this preliminary regionalized velocity model to correct the surface wave source spectra for propagation effects which we then inverted for source mechanism. We found that this method, which is in use in many parts of the word, works very well, provided that data from several stations are available. In order to study the events in the region using very few broadband stations or even a single station, we developed a hybrid inversion method which combines Phi waveforms synthesized with the traditional body wave methods, with surface waves that are computed using normal modes. This procedure facilitates the inclusion of laterally varying structure in the Green's functions for the surface waves and allows us to determine source mechanisms for many of the larger earthquakes (M > 4) throughout the region with just one station. We compared our results with those available from other methods and found that they agree quite well. The epicentral depths that we have obtained from regional waveforms are consistent with observed teleseismic depth phases, as far as they are available. We also show that the particular upper mantle structure under the region causes the various Pn and Sn phases to be impulsive, which makes them a useful tool for depth determination as well. Thus we conclude that with proper calibration of the seismic structure in the region and high-quality broadband data, it is now possible to characterize and study events in this region, both with respect to mechanism and depth, with a limited distribution of regional broadband stations.
exists and around the Alboran Sea, where earthquakes occur in a diffuse pattern down to a depth of 150 km, except for a very small area near Granada (Plate 2), where earthquakes occur at a depth greater than 600 km. However, in this paper we confine our atten- Away from the Betic/Rif/Tell massifs we find the high plateaux, the Meseta in Spain, on which station TOL (Toledo) and its successor PAB (San Pablo) are located, and the Moroccan and Oran Meseta' s in Morocco and Algeria. These and the main Atlas ranges are of prealpine age but have been active during the Alpine orogeny as well. There is considerable seismic activity along the High Atlas mountains.
The Precambrian shields south of the Atlas mountains can be divided into two platforms, the West-African shield, which has not seen any tectonic activity since the late Precambrian, and the Touareg shield, which is part of the trans Saharan mobile belt, a Precambrian shield which has undergone major tectonic activity in ,/-the very late Precambrian. The Hoggar plateau in southern Algeria, near the location of station Tamanrasset (TAM) has also undergone major igneous activity in the late Precambrian, as well as tertiary to present day volcanic activity [Cahen and Snelling, 1984] . Both the West-African shield as well as the Touareg shield are virtually free of any seismic activity. Finally, the Balearic basin, also called Proven•jal basin, which covers the major part of the western Mediterranean Sea has a young oceanic crust, created through extension during the eligocene and Miocene [Doglioni et al., 1997].
Historic Seismicity
The historic seismicity of the western Mediterranean region is well documented and we will present a short overview of the most significant events in the region. The largest event to have affected the region was the 1755 "Lisbon" (M~ 8.7 [Johnston, 1996] ) earthquake which probably occurred in the Atlantic ocean.
In Across the Strait of Gibraltar the only large recorded earthquake is the deep (z = 600 km) 1954 earthquake near Granada (M = 7.0) [Buforn et al., 1991 ] . Although the level of background seismicity is high in southern Spain, no major shallow earthquakes have been recorded this centuryø Nevertheless, the potential for large and damaging earthquakes is high along both coastlines of the western Mediterranean Sea, and improved source estimation capabilities can contribute significantly toward the evaluation of seismic hazard in the region. We can illustrate the lateral heterogeneity in the region by comparing the observed seismograms (Figure 1 In order to quantify the lateral heterogeneity, we first determined the group velocities to get an estimate of the velocity structure in the region. These velocities were determined using a moving window analysis, similar to the method of Landismann et al. [ 1969] . We present the group velocity measurements for selected events arranged by station in Figure 3 . Figure 3 clearly shows that for most stations the group velocities vary significantly, except for paths to station Tamanrasset (TAM). Also plotted in Figure 3 are group velocities that we computed for our preliminary models. 
Seismic Structure From Previous Work

Pnl Propagation
The Pnl wave train is important in seismic source estimation studies [e.g., Zhao and Helmberger, 1994] as well for seismic discrimination studies , and it is therefore important to calibrate this phase, especially in regions like the Mediterranean where Lg blockage is strong. We modeled the Pnl arrivals using generalized ray theory [Helmberger, 1983] surface waves but can easily incorporate higher modes as well, so that body waves could be included if necessary. However, in general, lateral heterogeneity is most pronounced in the upper crust, and this has the largest effect on fundamental mode surface waves. This method may not be valid in cases where multipathing becomes dominant, e.g., at larger distances relative to the wavelength of interest. In our case, we see little evidence of multipathing for periods longer than 10-15 s. This approach was used by Thio and Kanamori [1995] to study the effect of lateral heterogeneity in southern California. In Figure  5 we present synthetic Rayleigh waves calculated for a suite of mixed paths, starting with a purely Spanish path and sequencing through a range of mixed paths with increasing contributions by the Mediterranean model to a purely Mediterranean path. It is clear from Figure 5 that the change of models has a very strong influence, not only on the overall arrival time of the Rayleigh waves but also on the shape of the Rayleigh wave train.
Source Mechanisms
Surface Wave Solutions
Using the preliminary structure obtained above from the surface wave group velocity we proceeded to calculate phase velocities for the different regions, which we then used to perform source inversion using intermediate period (20-80 s) surface waves using the method of Thio and Kanamori [ 1995] . In this method we determine the complex spectra of a seismogram windowed so that it includes the fundamental mode Love and Rayleigh waves only, and we correct the spectra for propagation effects. These corrected spectra represent our estimate of the spectra at the source which we invert for the source parameters (Figure 6 ). The optimum depth is deter- For all events we had at least three stations available which pr.oved to be sufficient to obtain stable solutions for all event.s (Table 1). These solutions are consistent with the Harvard and MedNet CMT solutions, but all these solutions have difficulty with resolving depth. In most cases, the teleseismic body wave data for these events were too small in amplitude to be useful for source parameter estimation. However, for the Rissani events (Figure 8) we could observe depth phases at some stations. Based on these recorded depth phases, we .found a depth of around 20 km for the Rissani events (Figure 8 ). This is consistent with the depths that we found using the regional surface waves (~18 km) but is substantially deeper than the depths reported in the International Seismological
Centre (ISC) bulletin (8 km).
For the A1 Hoceima event (Figure 9 ), we were able to collect sufficier•t data to carry out a teleseismic body wave inversion. We collected worldwide broadband recordings from the Incorporated Research Institutions for Seismology (IRIS), International Deployment of Accelerometers (IDA) and Geoscope networks, and after the selection of records, we were left with 18 P and $ waves with reasonable signal-to-noise ratios (Figure 9 ). The traces were deconvolved to displacement and we used the inversion procedure of Kikuchi and Kanarnori [ 1991] to determine the mechanism, size, and depth. This method uses synthetic Green's functions and inverts for the best fitting solution in terms of depth, location, and mechanism. We constrained the depth to be within a range of 5 to 20 km, with a grid interval of 5 km. As source-time function, we chose a triangular function with a half width of 0.5 s. The results are shown in Figure 9 , and we found a strike-slip mechanism with a depth of 10 km. This mechanism would be consistent with movement along a local fault system [Medina, 1995] and is quite similar to the Harvard CMT solution. Our solution is primarily determined by the SH waves, since many of the P waves are very noisy. The teleseismic P waves are quite marginal for an event of this size (Mw = 5.8), which may be due to effects of complex local structure. This means that we have to rely more heavily on regional data especially for smaller events and on data from triplication distances (< 30 ø) that are not included in this inversion. However, in order to use these data we have to determine better calibrations for these distances, which correspond to upper mantle depths.
Source Estimation Using Whole Waveforms
A disadvantage of using only surface waves in source estimation studies is that the results are poorly constrained if not enough sta- Another example is given in Figure 15 where we studied an event (Tipasa 1, 89302) for which only data from station TOL was available. Again, we were able to obtain a solution with a good fit for both the Pnl and the surface waves. So far, all the hybrid inversions have been carried out with long period (15 s) filtered data because our regionalization is not quite sufficient yet for shorter periods• The steeply dipping east-west trending plane is similar to The positive gradient in the seismic velocities that we found be- We have shown how regionalization can be very useful in tectonically complex areas like the western Mediterranean. Although we have applied this regionalization to surface waves so far, it can easily be extended to include other observed wave characteristics like Pn velocities and attenuation. Our pres. ent regionalization should be refined so that we can include shorter periods, which will improve the constraints on the mechanism and depth and which will lower the size treshold of the events that can be analyzed ß this way.
The combination of this regionalization and Zhao and Helmberger's [1994] cut-and-paste method proves to be very effective for source inversion in laterally varying structures, as we have encountered in the present study region. Given the fact that we can reliably invert for source mechanisms with one or two stations, we conclude that this method is very useful for routine source mechanism determinations throughout the Mediterranean region for events down to magnitude 4.
We have observed that teleseismic observations of body waves from this region are generally of poor quality, which may be due to complexities in local structure. This emphasizes the importance of using regional data, as well as data from triplication distances (A < 30ø), for which excellent data are available, especially from European stations. More calibration studies are needed before we are able to use these data effectively.
Our to a wide zone of both dip-slip events as well as strike-slip events in Morocco. This may reflect the change in orientation of the relative plate motions from N-S in the east to NW-SE in the west, i.e., oblique to the plate boundary, which is a consequence of the location of the Europe-Africa rotation pole, west of Gibraltar [e.g., Westaway, 1990; Meghraoui et al., 1996] .
